Abstract: The aim of the study was to establish a correlation between biomarkers of exposure and cytogenetic test results in workers occupationally exposed to benzene and toluene, with special reference to confounding factors influencing the outcome of the cytogenetic test. The incidence of structural chromosome aberrations and sister chromatid exchanges was studied in the peripheral blood lymphocytes cell genome of 49 female shoe-makers, mean age 38 years, mean length of occupational exposure 17 years and in a group of 27 well-matched controls. Workers were exposed to concentrations of benzene up to 15 ppm and of toluene up to 50 ppm. The presence of benzene and toluene in the workers' blood samples, and the presence of phenol in pre-and post-shift urine were considered proof of occupational exposure. Chromosomal aberration analysis revealed a significant increase in dicentric incidence in the exposed group compared to the controls (P=0.004). However, significant correlation between cytogenetic test results and the exposure biomarkers was not established.
Introduction
Cytogenetic assay, comprising chromosome aberrations (CA) and sister-chromatid exchanges (SCE), can be used to assess genetic impairment due to exposure to various environmental and occupational clastogens. Nevertheless, when evaluating the possibility of a direct cause-dependent relationship between occupational exposure to a certain clastogen and the occurrence of cytogenetic impairment among the exposed subjects, one should bear in mind the influence of extraoccupational confounding factors on the *To whom correspondence should be addressed .
cytogenetic test outcome'' 2>. Age and sex are considered the most important endogenous confounders and lifestyle habits (such as smoking and alcohol consumption), viral illnesses, vaccinations, drug consumption and iatrogenic radiation exposure the most important exogenous confounders. In addition, the influence of work environment on the incidence of chromosomal damage should also be taken into account3~. It is therefore necessary to collect data on confounders in the population studied and to evaluate cytogenetic endpoints with due respect to these data.
Benzene is carcinogenic to animals4' 5) and humans. Correlation between exposure to benzene or benzenecontaining mixtures and some types of leukemia has been corroborated in a number of epidemiological studies conducted in various industry branches5-'~. Since high rates of chromosomal damage are generally held responsible for the increase in malignancy occurrence, which is particularly the case for leukemia8, structural chromosome aberration analysis and sister chromatid exchange methods have both been used in numerous cytogenetic studies, in order to assess the genotoxic effect of benzene at various exposure dose levels. However, the final results are inconsistent; both positive and negative findings have been reported. In workers occupationally exposed to relatively high benzene concentrations (up to 500 ppm), a marked increase in the incidence of chromosomal aberrations in the peripheral blood lymphocyte cell genome was recorded9' 10) The consequence of lower level benzene exposure remains controversial. Some authors found an increase in chromosomal aberration incidence in workers exposed to benzene concentrations of approximately 10 ppm11-15). However, other authors failed to detect chromosome abnormalities after exposure to either higher16) or lower benzene concentrationsl'). Similarly, some authors found an increase in SCE-frequency in workers exposed to 15 17) , while other investigators did nOt12,16,18,19) Thus, the extent of controversy in the studies performed so far, and the possible influence of confounding factors, make results of cytogenetic tests difficult to interpret and indicate the need for further investigations.
In previous investigations14' 19), we found an increase in SCE and CA incidence in workers exposed to benzene in concentrations up to 15 ppm. In this study we present data on CA and SCE incidence in workers exposed to a benzene containing mixture of organic solvents, to ascertain correlation between exposure biomarkers and cytogenetic endpoints. We also raise the question of the possible influence of confounding factors on the results of cytogenetic assays.
Subjects and Methods

Study population
The study was carried out in 49 female workers, aged 23 to 53 years (mean 38 years), employed in a shoe-making factory, occupationally exposed to benzene-containing solvent mixtures for one to 33 years (mean 17 years). A group of 27 healthy women, aged 29 to 46 years (mean 38 years), employed in the confectionery industry, served as controls. The shoe-making workers were exposed to benzene as a contaminant in glues, cleaners and paints, while the controls were not occupationally exposed to any known clastogenic agent. Otherwise, the groups were compatible in all relevant parameters such as age, sex, lifestyle habits etc. (Table 1) . Alcohol consumption was only 16 g per week in the exposed group and 14 g per week in control subjects.
Quantitative amounts of cigarette consumption were also low. There were only two heavy smokers in the exposed group and one in the control group of workers. To reveal the bioindicators of exposure, the presence of benzene and toluene in workers' blood samples and phenol concentrations in workers pre-and post-shift urine, were determined. Blood samples were taken before the work shift in the middle of the working week and urine samples were taken both before the start and at the end of the working day. Benzene and toluene concentrations in blood samples were determined using head-space gas chromatography22) and phenol in urine using the gas chromatographic method23).
Chromosome aberration and sister chromatid exchange studies Blood samples for analysis of cellular material for CA and SCE determination were collected at the same time as those for determination of benzene in blood. Conventional structural chromosomal aberration analysis was carried out according to the standard protocol24~. Immediately after sampling, a 48-hr lymphocyte cell culture was initiated, using F-10 medium (HAM medium) GIBCO, enriched with 20% calf serum. Phytohemaglutinine (FITO KRKA) served as a mitotic stimulator and 5 ug/ml of bromodeoxyuridine-BrdU (SIGMA) was added into each culture in order to enable detection of first division cells. At the final preparation stage, slides were stained by 5% Giemsa solution and then analyzed microscopically. Two hundred well spread first division metaphase cells were examined and the results presented as total aberration percent per subject. The incidence of each type of chromosal aberration was presented as the total number of a particular aberration type within 200 metaphase cells analyzed. For SCE detection, 72-hr lymphocyte cell culture was carried out according to the standard procedure25~. In order to enable exact SCE-visualisation, 10 µg/ml of bromodeoxyuridine was added into each culture. After the appropriate Giemsa-staining, SCEs were scored for each subject in fifty well-spread metaphases and the results were calculated as the mean rate of SCEs per cell.
The authors would like to emphasize that the slides were coded while being microscopically analyzed. The analysis was performed by the same investigator, who was completely blinded both regarding the status of subjects and the results of work environment measurements of benzene concentrations. 
Results
Results of general air sampling in a shoemaking factory showed benzene air concentrations ranging from 1.9 to 14.8 ppm (median 5.9) and toluene concentrations ranging from 11.4 to 49.9 ppm (median 24.9). Significant differences in benzene and toluene blood concentrations and in post-shift urinary phenol concentrations between the exposed and the control group were obtained, while the pre-shift urinary phenol concentrations did not differ significantly between the groups, as demonstrated in Table 2 .
Cytogenetic testing outcome is presented in Table 3 . Statistical analysis revealed no significant difference in the total aberration percentage calculated per subject between the exposed group and the controls, although a significant increase in the dicentric chromosome incidence was determined in the benzene-exposed workers. No statistically significant difference in the SCE frequencies between the study groups was found. Statistical analysis was also performed between the two study groups with regard to smoking habit. As for smokers, no statistical difference in CA and SCE-incidence between the study groups was found.
On the other hand, in nonsmoking workers, a significant increase in dicentric chromosome incidence (P=0.02) and significantly more frequent ploidity irregularities, presented mostly as tetraploidity, were determined in the benzeneexposed group in comparison to the controls (P=0.03). (Table 5 ). The present study showed an increase in dicentric chromosomes in workers exposed to low benzene concentrations, corroborating the results of some other authors9-13,15>
However, such aberrations can also appear spontaneously, without any previously known DNA-damage, i.e. clastogenic exposure. In fact, clastogens do not induce new types of aberrations, but rather they tend to increase the frequency of those already spontaneously occuring in the general population26~. Generally, at low clastogen dose levels, the response of the biological system exposed may not necessarily be dose-linear and biological effects may not be measurable or detectable. Moreover, the capacity of cellular repair process and the presence of confounders can 15, 17) , including the present study. Forni9) and Tompa15) used duration of benzene exposure and Popp17) atmospheric benzene as exposure indicators, but no data on correlation of benzene in blood or phenol in urine and cytogenetic effects have been reported in literature. However, since those biomarkers only reflect relative recent benzene exposure, it can be argued that the increased incidence of aberrations may have resulted from higher levels of exposure in the past13, 19) Both statistical methods applied in this study identified age and lifestyle factors as the possible basis underlying the increased incidence of chromosomal aberrations. Sarto12) also found positive correlation between cytogenetic test results and examinees' age. Yardley-Jones13) recognized recent viral infection and age, and Seiji18) smoking habit, as potential risk factors for occurrence of increased aberrations. Though lymphocytes can reside within the body for many years before being involved in clonal proliferation, a considerable degree of turnover should be expected2S~. Nevertheless, for some reason, a small proportion of lymphocytes can remain mitotically inactive years after exposure, accumulating and preserving genetic damage. This may explain the influence of age on the frequency of cytogenetic 13, 15) In conclusion, the increased frequency of chromosome aberrations found in the present study, could represent cumulative chromosome damage due to the genotoxic influence of benzene, and also reflect reduced capacity of cellular repair due to age.
In this study no significant SCE-increase in benzene exposed workers was established, corroborating the results of several other 216 18, 30) The lack of correlation between SCE-frequency and exposure biomarkers revealed in this study, has been reported by other authorsl7, 1s) Although it is assumed that the induction of SCE is a sensitive end-point for chemical exposure2), the results of this study and the aforementioned literature data do not indicate that low level benzene exposure is definitely a risk factor for SCE induction. On the other hand, smoking habit and alcohol consumption are generally known to be confounders increasing SCE incidence. Although our examinees had a history of smoking and alcohol consumption, there were few heavy smokers and/or heavy drinkers among them, most probably because all the examines were female. Therefore, we assume that the influence of these two confounders on SCE incidence in our subjects was not significant.
During any concurrent exposure, synergistic or even additive effects of the agents involved can be expected. In this particular case, it is unlikely that the significant increase of chromosome aberration frequency observed in some of our examinees can be related to concomitant exposure to toluene, since no clastogenic activity of that solvent has been reported so far$9, 29). Although the majority of carcinogens are also mutagens, the biological significance of their clastogenic potential remains disputable and still does not allow the conclusion that structural chromosomal aberrations, occurring in benzene-exposed persons, represent the etiopathological background of delayed leukaemia development in those persons10 ' 15) . Furthermore, the influence of confounding factors on genotoxic endpoints cannot be ignored12, 13, 18) The results of this study indicate the need for criticism and caution in evaluation of the clastogenic potential of benzene in vivo, and highlight some of the difficulties in human cytogenetic monitoring. As already pointed out by Goldstein31~, one should be extremely cautious when interpreting cytogenetic test results and when estimating individual health risk related to low level benzene exposure. 
